The comparative cytopathic effects of a keratitis and an environmental isolate of Acanthamoeba were studied on confluent monolayers of human and rabbit corneal cells grown in culture. The presence of cells in culture induced excystment of amoe bae to the active trophozoite form. Total destruction of cell monolayers was observed to be similar for both isolates, and dependent on incubation time and amoebic con centration. The relevance of these findings to human and experimental Acantha moeba keratitis is discussed.
Acanthamoeba is a genus of free-living amoe bae which is ubiquitous in air, soil and aquatic environments. The active trophozoite form becomes a resilient cyst in unfavourable environmental conditions. Acanthamoeba is a cause of chronic granulomatous encephalitis, which occurs in immunocompromised hosts and is fatal. 1 Certain species cause chronic stromal keratitis, particularly in contact lens wearers whose lens solutions become contam inated by the amoeba. 2 The amoebae flourish in the corneal stroma, and a severe polymor phonuclear inflammatory response and cor neal thinning is observed in both human3 and experimental4 keratitis.
In vitro studies of Acanthamoeba virulence have been performed on VERO cells5•6•7 a cell line derived from monkey kidney, or SIRC cells ,8 derived from rabbit cornea. These stud ies equated the speed with which the mamma lian cells were destroyed to virulence, and to pathogenicity in laboratory animals. 6 Isolated rabbit corneas, used as an in vitro model for amoebic infection, demonstrated a similar destructive effect by known pathogenic and non-pathogenic strains of amoebae.8
Two questions have prompted this study.
The first was raised by Garner, who ques tioned whether the corneal thinning is caused by the inflammatory response or the amoebae themselves.3 Can Acanthamoeba feed on cor neal cells? The second relates to the marked site-specificity of clinical Acanthamoeba infection: is corneal tissue unduly susceptible to amoebic infection? To answer these questions we studied the interaction of Acanthamoeba and cell cul tures. We first investigated whether Acantha moeba excysts in the presence of cultured cells, and whether a cytopathic effect (CPE) results. We then conducted a comparative investigation of the effect of amoebic tropho zoites on primary cultures of human and rab bit corneal cells, and on 3T3 alpha cells, a mouse fibroblast cell line. We contrasted the CPEs of Acanthamoeba spp. on these cells, and compared an environmental isolate with an isolate from an infected cornea.
Materials and Methods

Preparation of Acanthamoeba
Two strains of Acanthamoeba were used in these studies: an isolate from an infected cor nea, A. polyphaga (Davies), and a soil isolate of A. castellanii (Neff) . The amoebae were kindly provided in axenic culture by Mr. S. Kilvington, Public Health Laboratory, Bath. Each were cultured in axenic medium at 32°C. 9 Flasks containing crowded amoebae were chilled at O°C for two minutes to detach the adherent amoebae from the flask, and spun at 400 rpm for five minutes. Amoebae were resuspended in either fresh axenic medium for maintenance in culture, or in tis sue culture medium for experimental use.
2. Preparation of cell cultures (a) Rabbit corneal cells Eyes were obtained from four to seven months old rabbits. They were enucleated within one hour of death, and corneas were immediately cultured as follows.
After rinsing in sterile phosphate-buffered saline, the corneas were excised with a small margin of sclera. The endothelium and its basal membrane were peeled. Epithelium and a thin layer of stroma were dissected from the main bulk of posterior stroma as described by Stocker et at. 10 Each layer was then separately treated. Small pieces «2 mm2) were laid on the bottom of a 25 cm2 tissue culture flask, to which a small volume of culture medium was added 30 minutes later.
Eagle's mlllimum essential medium (MEM) (Gibco, Grand Island, New York) supplemented with 10% (v/v) fetal calf serum, penicillin, streptomycin, amphotericin B, and L-glutamine was used for both types of cells. Cholera toxin (10 ng/ml, Sigma Chemical Co., St Louis) was added to the epithelial cul tures. Medium was changed twice weekly. Cells migrated out of explants and were grown to confluence, then split in the ratio 1:3 by trypsinisation. Cellular morphology and origin were the only criteria for labelling a cul ture 'epithelial' or 'stromal' , and therefore we refer to them as 'corneal cells'.
(b) Human corneal cells A corneo-scleral rim from a 19-year-old donor and a cornea unsuitable for transplantation from a six-year-old were used to generate human corneal monolayers. The corneas were dissected as described above and the explants were laid on collagenised flasks (Human placental collagen 2011g/cm2, Sigma).
The culture medium, RPMI (Gibco), was supplemented with 10% (v/v) fetal calf serum, L-glutamine, insulin, hydrocortisone, epider mal growth factor and nerve growth factor (from Vipera lebetina venom, 10 ng/ml, Sigma). The last two growth factors were added on alternate medium changes. Medium was changed twice weekly. Cultures were grown to confluence and then split in the ratio 1:3 by trypsinisation.
Monoclonal anti-corneal cytokeratin anti bodies, AE1 and AE5 (ICN-Flow), which characterise corneal epithelial cells, and monoclonal anti-vimentin antibodies (ICN Flow) which stain intermediate filaments most common in mesoderm-derived tissues, were used to characterise the cultures. They were visualised by indirect fluorescence (FITC-linked anti-rat and anti-goat IgG respectively, ICN-Flow). We observed p ' osi tive staining with all three antibodies, indi cating a mixed population of epithelial and stromal cells: hence these were called 'corneal cells' . 
Measurement of neutral red absorption
Neutral red accumulation was used to measure the number of live cellsY Each cell culture plate included (i) control wells with culture medium but no amoebae, (ii) A. polyphaga and/or (iii) A. castellanii isolates.
Briefly, the cells were incubated with 5011g/1OO111 neutral red for three hours, then rinsed with fresh medium. A brief fixation in formaldehyde CaCl 2 was followed by destain ing with 100111 of 1 % acetic acid in 50% eth anol for one hour, and read on an ELISA reader (Dynatech MR 5000) at 550 nm. polyphaga cysts was inoculated in triplicate for each cell concentration on to the culture medium above the cell monolayer with a pipe tte, giving a final concentration of 5 X 102 and 5x104 cysts/well. At inoculation, care was taken not to traumatise the monolayer. Fol lowing incubation in humidified CO 2 at 33-35°C, observations of the morphology of the monolayer and amoebae were made 1,2 and 21 hours after inoculation, and daily there after for 12 days.
Inoculation of cysts on rabbit corneal cells
Inoculation of trophozoites
Confluent cell cultures were trypsinised and seeded on collagenised 96 well plates (Costar Ltd.) and again grown to confluence. A human isolate of A. polyphaga was used in each experiment; trophozoites were suspen ded in tissue culture medium and lOO1l1 ali quots pipetted into wells. The medium was not changed for at least 48 hours. Plates were incubated at 33-35°C in humidified CO 2 for the duration of the experiments.
(a) Rabbit corneal cells In three separate experiments, A. polyphaga trophozoites were suspended in lOO1l1 MEM and added to confluent rabbit corneal mono layers at the following concentrations: 0 (con trol), 10, 102, 103, 104, 105 and 106 trophozoites/well. Observation commenced 1 Yz hours after introduction of trophozoites, continued hourly for the first six hours, and then daily for three or five days. At the end of the observation period, the relative numbers of surviving cells were quantified by neutral red absorption. (c) Human and rabbit corneal cell and 3T3 alpha monolayers Each type of cell was separately grown to con fluence in RPMI medium and inoculated with 0, 10, 102 and 104 trophozoites/well.
Plates were inspected daily for four days, when a neutral red assay was performed. 6. A. polyphaga and A. castellanii inocula tion on human corneal cells Confluent mono layers of human corneal cells were prepared on 96-well culture plates. Acanthamoeba isolates in suspension were added to separate culture plates. One hun dred microlitres of amoebic suspension con taining 10, 102 and 104 trophozoites were added to each well. Plates were incubated for three days and observed daily. Neutral red absorbance was measured at the end of the observation period.
Results
Inoculation of cysts on rabbit corneal cells
The most densely seeded wells were covered ment of trophozoites was seen, initially to an immature single-walled cyst form. After four days of exposure, neutral red absorption in wells exposed to 104 trophozoites/well was only a quarter of that of control (Fig. 1 ).
Inoculation of trophozoites
(b) Human corneal cells Findings were similar to those observed with rabbit cells. Control wells showed no areas of discontinuity in the monolayer (Fig. 2) . Tro phozoites aggregated, were associated with zones of discontinuity in the monolayer (Fig.  3) , and eventually re-encysted. Cytopathic effects were evident at 24 hours, and at 104 trophozites/well, disappearance of corneal cells was seen after three days when neutral red absorbance reduced to 20% of control (Table III, Fig. 4 ).
(c) Human and rabbit corneal cell and 3T3 alpha mono layers Similar changes were observed on each of the cell types. Two days after inoculation, scat tered trophozoites could be seen in the wells to which 10 amoebae had been added but no discontinuity in the monolayers was evident. At 104 trophozoites/well, following disappear ance of corneal cells from most wells by two days, re-encystment commenced. This was reflected in neutral red absorbance data (Fig.  5) .
A. polyphaga and A. castellanii inoculation on human corneal cells Monolayer cytopathic effects are shown in Table IV . After 24 hours there were areas of monolayer discontinuity in 10 of the 16 wells inoculated with 104 A. polyphaga tropho zoites, and no corneal cells left in the other six wells. At the same concentrations of A. cas tellanii trophozoites, no corneal cells could be seen in any of the wells 24 hours after initial exposure. At lower concentrations of both species, no damage to the monolayer was identified.
Discussion
These studies demonstrate (i) that rabbit corneal cells in culture induce excystment of Acanthamoeba, (ii) a cytopathic effect of Acanthamoeba on rabbit and human corneal cells in culture, dependent on incubation time and amoebic concentration; (iii) equivalent cytopathic effects of human and environmental amoebic isolates.
The observation of amoebic excystment only on rabbit cell monolayers that were con fluent suggests that the stimulus to excystment was present only if corneal cells were in excess. There is no apparent explanation for this finding. Disappearance of mammalian cells from the monolayer might be due to cell death induced by a soluble factor excreted by the amoebae, or mediated by amoeba-cell contact. Such a soluble protein has been described in Naegleria, another pathogenic genus of free-living amoeba.12 Furthermore, inhibition of Naegleria phagocytosis blocks the cytopathic effect on mammalian cells, a finding which favours contact mediation of kill.13 In the case of Acanthamoeba there is some evidence that cells are killed by con tact.8,14 Furthermore, He and colleagues have demonstrated collagenolytic activity of Acan thamoeba on purified collagen and rat corneas.
IS
McLaughlin and colleagues observed amoebae aggregating at the junctions between corneal cells.8 In our experiments amoebae were consistently observed to be in the same plane as the cells. Aggregates of tro phozoites were observed at the edges of zones free of cells. Accumulation of neutral red dye was observed in trophozoites inoculated on a neutral red-loaded monolayer. Though not sufficient proof that corneal cells are con sumed by the amoebae, all the above findings support this hypothesis.
The data shown above indicate that there is a threshold concentration of Acanthamoeba necessary for induction of a cytopathic effect. We cannot specify whether this applies particularly to epithelial or stromal cells, or junctions,S only those that are not removed by tears or lid movements will be able to pen etrate the stroma and induce disease.
In conclusion we would argue that Acantha moeba keratitis is caused by opportunistic organisms infiltrating a cornea compromised in some respect. We further hypothesise that once a threshold number of trophozoites pen etrate, subsequent inflammation occurs prin cipally in the stroma rather than epithelium. This is probable because the stroma offers an environment more sheltered from ocular sur face physical defences and host immunolog ical defences, including for example, the avascularity and the known low number of antigen-presenting cells.20 This cell culture study is not a model for in vivo infection and one limitation is that it has not been possible to study whether the stromal cells themselves are more permissive than epithelial cells in sustaining amoebic activity and replication.
